Introduction
The ABC model describes how the activities of three classes of genes (termed "A," "B," and "C") coordinately specify different floral organ identities (Coen et al. 1991; Meyerowitz et al. 1991) . These genes function in overlapping domains such that they produce a combinatorial code that directs the developmental fate of floral organ primordia. Under this model, sepals are determined by the presence of A function alone, petals by AϩB function, stamens by BϩC function, and carpels by C function alone. Loss of any particular class of gene function results in a homeotic phenotype that affects two adjacent whorls. For example, B class mutants exhibit a transformation of petals into sepals and of stamens into carpels. The program appears to be highly conserved between the two well-studied model species Arabidopsis thaliana and Antirrhinum majus as well as among a number of other higher eudicots, such as Petunia hybrida and Nicotiana tabacum (tobacco) (reviewed by Irish and Kramer 1998) . Little is known, however, about the conservation of the program outside of the higher eudicots. This is an important issue because traditionally botanists have considered the perianth (the sterile organs surrounding the stamens and carpels) to have been independently derived many times during the course of angiosperm evolution (Takhtajan 1991) . One of the implications of this hypothesis is that as a result of independent derivations of petaloid organs, the establishment of petal identity in different angiosperm lineages 1 Author for correspondence. Current address: Department of Organismic and Evolutionary Biology, Harvard University, Cambridge, Massachusetts 02183, U.S.A.; e-mail ekramer@oeb.harvard.edu. may rely on different developmental programs. In order to expand our understanding of the evolution of the ABC program-with a particular focus on the way in which petaloid organs develop-we have initiated a study of homologues of the B group genes in lower eudicots and basal angiosperms.
In the higher eudicots, the B group genes are represented by homologues of the A. thaliana APETALA3 (AP3) and PIS-TILLATA (PI) genes, both of which are members of the MADS box family of DNA-binding proteins (Jack et al. 1992; Goto and Meyerowitz 1994) . In the case of A. thaliana and A. majus, the gene products of the AP3 and PI orthologues are known to function as obligate heterodimers to promote petal and stamen identity (Schwarz-Sommer et al. 1992; Trobner et al. 1992; Jack et al. 1994) . This process appears to require the expression of both genes throughout the developing petals for the duration of their development, whereas in the stamens, expression can become restricted to particular tissues as maturation proceeds (Bowman et al. 1989; Jack et al. 1992; Zachgo et al. 1995) . The coexpression of the two genes is maintained by positive autoregulatory interactions such that strong continual expression of both genes appears to be dependent on the presence of a functional AP3/PI heterodimer (Schwarz-Sommer et al. 1992; Goto and Meyerowitz 1994; Jack et al. 1994) .
The goal of our project is to study the evolution of the AP3 and PI gene lineages in an attempt to determine whether their functions are conserved outside the higher eudicots. We have already established that the evolution of these lineages is complex, involving many gene duplication events that have often been followed by considerable sequence divergence . Equally complex patterns of gene expression have been uncovered in the lower eudicots, indicating that aspects Note. Genes cloned in this analysis are highlighted in bold. Species classifications are based primarily on the system proposed in APG (1998) . Accession numbers are found in Kramer et al. (1998) and Kramer and Irish (1999) and in the "Material and Methods" section.
a Gymnosperm representatives are difficult to unambiguously assign to the AP3 or PI lineage and may represent an ancestral lineage predating the AP3/PI duplication. The designations in this table are based on the presence or absence of the paleoAP3 motif.
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of the genes' functions have changed over time (Kramer and Irish 1999) . In this article, we will summarize these previous findings and describe the results of more recent analyses of gene sequence and expression patterns in monocot and basal angiosperm species. These results indicate that an initially plastic floral developmental program has become constrained later in the evolution of the angiosperms.
Material and Methods

Cloning and Analysis
All of the species surveyed during the course of this study are listed (along with family membership) in table 1. Vouchers for most of the species sampled have been deposited in the Yale Herbarium. The samples of Chloranthus spicatus and Tacca chantieri were collected from specimens that are in cultivation at the New York Botanical Garden (for more detail, see Kramer 2000) .
The cloning of the AP3 and PI homologues was performed in the same manner described in Kramer et al. (1998) . The only exception involved the cloning of the TM6 orthologue from Petunia hybrida, PhTM6. This gene was isolated from a l-DASH genomic library, kindly provided by Carolyn Napoli (University of Arizona). Plaques ( ) were screened with 8 10 # 10 a 400-bp fragment of the Lycopersicon esculentum TM6 cDNA corresponding to the 3 end of the coding region. A 21kb clone that strongly hybridized to the TM6 probe was isolated. From this initial clone, a 4-kb HindIII fragment was found that hybridized with probes made from both the 5 and 3 portions of the TM6 cDNA. This 4-kb fragment was subcloned and mapped with several restriction enzymes. A 1-kb PstI/SpeI fragment that hybridized with the 3 end of the TM6 cDNA was sequenced and found to contain exons with high similarity to TM6. Gene-specific primers were designed from this sequence, and the complete cDNA was amplified from a pool of first-strand cDNA made from early P. hybrida flower buds (primer sequence available upon request).
Data Deposition and Phylogenetic Analysis
The nucleotide sequences of the data corresponding to the protein sequences reported in this article have been deposited in GenBank (accession numbers AF230697-AF230713). All other sequences included in the analysis were acquired from GenBank. The majority of the accession numbers for these sequences can be found in Kramer et al. (1998) and Kramer and Irish (1999) . Accession numbers for new sequences are as follows: AsAP3, AF147233; DAL11, AF158539; DAL12, AF158541; DAL13, AF158543; EGM2, AF029976; GDEF1, GHY9724; GDEF2, GHY9725; GGLO1, GHY9726; GGM2, GGN132208; GGM13, AJ132219; OsMADS16, AF077760; PrDGL, AF120097; PTD, AF057708; and SILKY-1, AF181479.
Alignments and parsimony with bootstrap analyses were performed with PAUP 4.0 (Swofford 1993) , as described in Kramer et al. (1998) .
Northern Analysis
For each species, the flower buds were divided into three to six stages based on their size and maturity. The perianth parts were dissected from these buds, and RNA was prepared separately from each stage. Stamen and carpel RNA was prepared from pooled organs dissected from all stages. One Nytran blot was prepared for each species (as described in Carr and Irish 1997) , with 10 mg of RNA per lane. Equal loading was initially assessed by ethidium bromide staining of the agarose gel. All random-primed DNA probes were made from gene-specific templates that did not include the MADS or K domains. Radionucleotide-labeled probes were cleaned on G-100 Sephadex columns, and the percent incorporation of the radionucleotide was determined. Only probes with at least 50% incorporation were used in hybridization. Hybridization was performed as described in Kramer and Irish (1999) . Finally, ubiquitin control probes were hybridized to the blots after the hybridization of each of the species-specific probes had been completed.
Results
Phylogenetic Analysis
We have cloned representatives of the B class genes APE-TALA3 and PISTILLATA from 21 species of higher eudicots, lower eudicots, magnoliid dicots, and monocots (table 1). Phylogenetic analysis of the AP3 and PI sequences has revealed a complex pattern of gene duplication and divergence Kramer 2000) . At some time before the diversification of the angiosperms, an AP3/PI ancestral gene underwent duplication and gave rise to the separate AP3 and PI lineages. In the angiosperms, the two lineages are distinguished on the basis of several characteristics. PI lineage members generally exhibit a higher degree of sequence conservation, especially in what we refer to as the PI motif at the C-terminal end of the predicted protein ( fig. 1 ; Kramer et al. 1998 ). Although we have identified several duplications in this lineage, none of those uncovered to date appear to predate the diversification of any of the major angiosperm subclasses Kramer 2000) .
The majority of the members of the AP3 lineage from the magnoliid dicots, monocots, and lower eudicots are characterized by the possession of a recognizable PI motif-derived region and a well-conserved paleoAP3 motif ( fig. 2 ; Kramer et al. 1998) . We refer to this lineage as the paleoAP3 lineage. An ancient duplication appears to have occurred in this lineage just prior to the diversification of the higher eudicots ( fig. 3 ; Kramer et al. 1998; Kramer 2000) . This duplication gave rise to two distinct lineages-the euAP3 and the TM6 lineages ). The euAP3 lineage underwent sequence diversification followed by the fixation of new characters, which include the loss of the paleoAP3 motif and its replacement with the euAP3 motif ( fig. 2 ). Representatives of the TM6 lineage share many sequence characteristics with the ancestral paleoAP3 lineage, but these do not appear to be as highly conserved as they are in the paleoAP3 lineage proper Kramer 2000) . The addition of four new TM6like genes to the data set (table 1; fig. 2 ) has increased the bootstrap support for the TM6 clade from 28 in the parsimony analysis of Kramer et al. (1998) to 80 in our analysis (Kramer 2000) . The TM6 lineage now includes unambiguous representatives from both Euasterids and Eurosids as well as what appears to be a divergent member from the Caryophyllales (table 1) . In addition to the euAP3/TM6 duplication, a number of other duplication events have occurred in the paleoAP3 lineage, most of which appear to be comparatively recent Kramer and Irish 1999; Kramer 2000) .
Although exact timing of the AP3/PI duplication itself is uncertain, recently identified gymnosperm AP3/PI homologues do segregate into two classes, one with the paleoAP3 motif (DAL12 and possibly GGM2 and GGM13) and one without (DAL11, DAL13, and PrDGL) (figs. 1, 2; Mouradov et al. 1999; Sundstrom et al. 1999; Winter et al. 1999 ). Both classes possess recognizable PI motifs. The existence of the two classes indicates that the AP3/PI duplication may have predated the separation of gymnosperms and angiosperms (fig. 3; Hasebe 1999) and was followed by a loss of the paleoAP3 motif in the PI lineage (or, alternatively, the acquisition of the paleoAP3 motif in the AP3 lineage). However, phylogenetic analyses are currently inconclusive with regard to the exact position of the gymnosperm genes relative to the angiosperm AP3 and PI lineages (Sundstrom et al. 1999; Kramer 2000) . We hope that additional sequence data from the gymnosperms and lower land plants will clarify the question of when the AP3/PI duplication occurred.
The multiple duplication and divergence events that have occurred in both of the AP3 and PI lineages complicate the phylogenetic analysis and make the discussion of gene orthology difficult. There are recognizable trends of sequence conservation in the different lineages, however, which may reflect changing functional repertoires. Retention of duplicate gene copies, like that observed with AP3 and PI representatives in many species, is often stabilized by the acquisition of novel functions (Fryxell 1996; Cooke et al. 1997 ). The duplicate genes may diverge in such a way that one acquires totally unique functions while the other maintains the ancestral function (Ohno 1970) . Alternatively, the ancestral functions may become partitioned between the two paralogues, resulting in a state of functional complementation that serves to maintain the duplicate copies (Force et al. 1999 ). Examples of these phenomena (and of others) are common in the literature (Fryxell 1996; Force et al. 1999; Ganfornina and Sanchez 1999) , but it can be difficult to determine exactly how any particular pair of paralogues may be diverging in function.
Expression Analysis
In order to begin to address the question of divergence of gene function, we examined the expression patterns of paleoAP3 and PI representatives in 10 different species using Northern blot analysis, in situ hybridization, and antibody staining. The expression patterns observed are quite variable in several aspects (summarized in table 2) and, in general, are not consistent with what is known about the way that euAP3 and PI gene products function to establish higher eudicot petal identity. In two of the species studied, representatives of both the paleoAP3 and PI lineages were expressed at moderate to high levels in the developing sepals (table 2; Sanguinaria canadensis and Sagittaria montevidensis). This is a surprising finding because in the higher eudicots that have been examined, first whorl expression of euAP3 and PI orthologues is sufficient to transform sepals into petals (Halfter et al. 1994; Davies et al. 1996; Krizek and Meyerowitz 1996) .
Expression of paleoAP3 and PI lineage members was generally present in all of the petaloid organs we examined, regardless of whether they were found in a bipartite perianth (one having both sepals and petals) or in a unipartite perianth (one having only one type of organ, in this case, petaloid organs called tepals). However, the details of the expression patterns in these petaloid organs varied considerably. Although many species exhibited moderate to strong expression at early stages of development, the petaloid organs of Calycanthus floridus and Liriodendron tulipifera did not. We observed spatial restriction of expression within the petals of several species from the ranunculids (Kramer and Irish 1999; Kramer 2000) but also in the tepals of the magnoliid Michelia figo and the monocot S. montevidensis (Kramer 2000) . This spatial restriction took many forms. In some cases, expression appeared to be localized to the tip or base of the developing organ, whereas in other cases, the transcript was restricted to one side of the organ (i.e., the adaxial half) or even to one cell layer (i.e., the adaxial epidermis) (Kramer and Irish 1999; Kramer 2000) . In addition, we found that in many species, the genes exhibited dynamic changes in the level of expression over the course KRAMER & IRISH-EVOLUTION OF PETAL AND STAMEN DEVELOPMENTAL PROGRAMS S33 Fig. 2 Alignment of C-terminal regions of the predicted AP3 homologue proteins. The names of genes cloned in this study are highlighted in bold. Genes are grouped according to lineage as indicated by the presence of certain synapomorphies and as determined by phylogenetic analysis. The region that bears similarity to the PI motif is boxed and defined as PI motif-derived. Residues that show chemical conservation with the PI motif core consensus are highlighted in bold. The C-terminal euAP3 and paleoAP3 motifs are also indicated with boxes. Residues in each region that show chemical conservation with the euAP3 motif consensus (DLTTFALLE) or the paleoAP3 consensus (YGxHDLRLA) are highlighted in bold. It should be noted that the designations of these motifs, particularly the paleoAP3 motif, in the gymnosperm representatives GGM2 and GGM13 are somewhat unclear. of organ development (table 2; Kramer and Irish 1999) . Another notable finding was that in more basal species, such as C. floridus and Asarum europaeum, the PI representatives were expressed alone or at much higher levels than were the paleoAP3 representatives ( fig. 4A, 4B) . These results are significant since they contrast sharply with the expression patterns of euAP3 and PI orthologues observed in the higher eudicots and because they indicate that the paleoAP3 and PI gene products may be able to function as homodimers or may be able to heterodimerize with as-yetunidentified partners.
Unlike what we observed in the petaloid organs, the basic pattern of gene expression in the developing stamens of the species we examined was very similar to what has been observed in the higher eudicots. In most species, paleoAP3 and PI representatives are expressed in the stamen primordia from the earliest stages but become restricted to specific tissue types (usually the sporangial tissue) later in development. Expression is lost as the stamens approach maturity and as the pollen begins to mature (Kramer and Irish 1999; Kramer 2000) . This conserved pattern of expression indicates that once stamen identity has been established, multiple genetic programs, some involving AP3 and PI lineage members, promote the development of different parts of the organ. In C. floridus and A. europaeum, the PI representatives were strongly expressed in the stamens without the paleoAP3 orthologues ( fig. 4) , indi- cating that these PI gene products may be determining stamen identity on their own or with a partner other than the paleoAP3 gene product.
PaleoAP3 and PI representatives may also play a role in carpel development, particularly ovule development. In situ and antibody analyses have repeatedly revealed strong expression of paleoAP3 and PI lineage members in the placenta and the developing ovule (Kramer and Irish 1999; Kramer 2000) . Interestingly, euAP3 and PI representatives have been found to display similar expression patterns in several higher eudicot species, although the expression is always limited to either euAP3 or PI . Mutations of these genes in higher eudicots do not disrupt ovule development, leading to the assumption that their expression in the ovules is not required for normal ovule development (Sommer et al. 1991; Jack et al. 1992) . It now appears that the higher eudicot ovule expression of either euAP3 or PI may have been inherited from the paleoAP3 and PI ancestors. To date, the function of paleoAP3 and PI representatives in ovule development is unknown.
Discussion
A Historical Perspective
The classical view of floral evolution is that while stamens and carpels evolved only once, petaloid perianth organs have evolved multiple times, in some cases being derived from bracts and in others from stamens (Eames 1961; Bierhorst 1971; Takhtajan 1991) . This idea is based in part on paleontological evidence that indicates that early angiosperms did not possess a well-developed perianth (Stewart and Rothwell 1993; Sun et al. 1998) , and therefore, this idea assumes that the common ancestor of the angiosperms was apetalous (Endress 1994a). The main support for the hypothesis of independent petaloid organ derivations comes from morphological studies that indicate that the petaloid perianth organs of various angiosperm lineages exhibit many fundamental differences. Based on these differences, petaloid organs can be grouped into two classes. Petals, which by definition are members of a bipartite perianth (Heywood 1993) , exhibit a suite of characteristics that are thought to affiliate them with stamens. These characters include the following: petals are developmentally delayed relative to the stamens; petals are arranged on the same parastichies as the stamens (if they are spirally arranged, they are more commonly arranged in whorls in positions alternate to the stamens); petals are similar in appearance to stamen primordia at inception; petals are supplied by a single vascular trace; and, in some cases, petals possess nectaries (Takhtajan 1991; Endress 1994a) . This group of characters is thought to reflect the fact that petals were derived from stamens by means of a gradual process of sterilization and elaboration (Eames 1961) , and for this reason, these types of petaloid organs are sometimes referred to as andropetals (Takhtajan 1991) . The second type of petaloid organ, known as the tepal, is found in unipartite perianths and is generally more leaflike in its characteristics. Typically tepals are initiated and mature much earlier than the do the stamens; they are often spirally arranged on the same parastichies as the subtending bracts; their primordia are distinctly crescent shaped; they are supplied by three vascular traces; and they are generally more leaflike in their appearance than are petals (Smith 1926 (Smith , 1928 Tucker 1960; Takhtajan 1991) . Tepals are therefore generally thought to be derived from the bracts that surround the flower (Eames 1961) and are termed "bracteopetals" (Takhtajan 1991) .
There are, of course, exceptions to these generalizations, the petaloid perianth organs of the monocots being a good example. The monocot perianth is typically unipartite and is made up of petaloid organs only; these organs are referred to as tepals. Like other tepals, monocot tepals generally do not display developmental retardation relative to the stamens, but they do possess many other characteristics that are usually associated with andropetals. This fact has led to disagreement over whether the monocot perianth is bracteally or staminally derived (Bierhorst 1971; Takhtajan 1991) . Regardless of which theory on monocot tepal derivation one proposes, however, the distribution across the angiosperms of andropetals and bracteopetals seems to indicate that there are multiple origins of each type (Eames 1961; Takhtajan 1991) .
Recent Advances in Molecular Genetics Provide New Viewpoints
Since the discovery that very similar genetic programs function to establish floral organ identity in both Arabidopsis thaliana and Antirrhinum majus (Coen and Meyerowitz 1991) , two species with considerably different floral morphologies, it has been suggested that many aspects of the variation in angiosperm floral morphology could be explained by modifica- The innermost tepals of Calycanthus, which bear food bodies and have staminal characteristics, were separated from the outer tepals. The expression patterns observed for the outer tepals are shown before the hash mark; the second value indicates the expression observed in the staminoid inner tepals (see fig. 4A ).
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INTERNATIONAL JOURNAL OF PLANT SCIENCES tions in a commonly inherited ABC program Bowman 1997; Albert et al. 1998) . For example, transitions between unipartite and bipartite perianths could simply result from changes in the expression domain of the B group genes (Bowman 1997; Albert et al. 1998 ). This hypothesis proposes that orthologues of the A, B, and C class genes are functioning in a conserved manner to establish floral organ identities throughout the angiosperms (Bowman 1997; Albert et al. 1998) . One implication of this idea is that all extant angiosperms are descended from a common ancestor that possessed petaloid organs and that these organs were determined by the AϩB code in a manner similar to what we observe in the higher eudicots (Baum 1998) .
Alternatively, we could hypothesize that the conservation of the combinatorial role of A and B group gene orthologues in establishing perianth organ identity may be restricted to the higher eudicots. In this case, stamen and carpel identity programs would still be expected to be conserved across the angiosperms, but in the lower eudicots, magnoliids, and monocots, independent derivations of petaloid organs may be correlated with differences in the programs that establish petaloid identity. A or B group gene homologues could still be involved in the development of petaloid organs, but this involvement would reflect their independent recruitment to such a role (Theissen et al. 2000) . This model is more consistent with the idea that the last common ancestor of extant angiosperms did not possess petaloid organs.
Our Survey of the B Class Genes Outside the Higher Eudicots and Its Implications
Our data do not seem to support the hypothesis that the ABC program is strictly conserved throughout the angiosperms. In the higher eudicots examined to date, the ability of euAP3 and PI lineage members to establish petal identity is dependent on their mutual, constant, and ubiquitous expression in the developing petal (Bowman et al. 1989; Carpenter and Coen 1990; Zachgo et al. 1995; P. Jenik and V. F. Irish, unpublished manuscript) . In order to maintain petal identity, it appears that the presence of the euAP3/PI heterodimer is necessary in every cell of the petal until quite late in development, perhaps up to the last cell division. However, the pattern of paleoAP3 and PI orthologue expression and protein localization observed in the lower eudicots, magnoliid dicots, or monocot species examined does not fit this model. Instead, the spatially restricted and temporally dynamic paleoAP3 and PI expression patterns in these species indicate that the genes are not establishing petal identity in the same way as are the euAP3 and PI representatives in the higher eudicots. Another complication revealed by the expression data is the possibility that the gene products of some magnoliid dicot PI lineage representatives, and possibly those of the paleoAP3 lineage as well, do not function as obligate heterodimers but rather may have the capability of functioning as homodimers. These results indicate that the biochemical and developmental functions of AP3 and PI lineage members may have undergone considerable change over the course of angiosperm evolution.
There are two currently indistinguishable models that could explain our data. The first model holds that the variable ex-pression of AP3 and PI homologues in petaloid organs reflects truly independent derivation events from stamens or bracts. The shared expression of AP3 and PI lineage members in many petaloid organs could be a result of the repeated recruitment of these genes to function in the development of petaloid organs. The derivation of such organs from stamens, which already express AP3 and PI homologues, makes it likely that andropetals would also utilize these genes in their development. The diverse expression patterns we have observed may reflect the different ways that the preexisting AP3 and PI gene products were integrated into a petal development program. By the same token, some bracteally derived petaloid organs might also express AP3 and PI homologues. As several authors have noted, the derivation of petaloid organs from bracts could have involved the expansion of AP3/PI expression from the stamens into preexisting sterile organs (Bowman 1997; Baum 1998) .
This type of co-option is a commonly observed phenomenon in comparative studies of animal development, in which it has repeatedly been shown that the expression of homologous genes is not always a reliable indicator of organ homology (Dickinson 1995; Bolker and Raff 1996; Muller and Wagner 1996; Abouheif et al. 1997; Wray and Abouheif 1998) . These cases reflect the co-option of gene products or whole pathways to function in novel structures (Davidson and Ruvkin 1999) . The repeated independent recruitment of the same genetic pathways for similar functions is especially relevant to plant evolution, in which structures appear to have been independently derived many times from the same precursor. These structures may express very similar developmental programs in spite the fact that they are not actually homologous.
The second hypothesis consistent with our results is that we are seeing the effects of a commonly inherited but variable developmental program. Under this interpretation, the repeatedly observed presence of AP3 and PI transcripts in petaloid organs reflects the inheritance of a petal identity program from a common ancestor. This idea is a variation on the proposal that the ABC program is universally conserved. Our results do not support strict conservation, however. Under this model, our data would indicate that while the stamen identity program was established before the radiation of the angiosperms, the petal identity program must have remained plastic until later in angiosperm evolution, becoming fixed somewhere along the lineage leading to the higher eudicots.
In support of this hypothesis, it is interesting to note that careful developmental analyses of Arabidopsis floral homeotic mutants indicate that, particularly in the first and second whorls, characters such as organ phyllotaxy and early primordium growth are genetically dissociable from organ identity (Bowman et al. 1989; Hill and Lord 1989; Crone and Lord 1994; Jenik and Irish 2000) . This observation may cast doubt on the reliability of such characters as indicators of independent petal derivation events. In addition, it has been noted by several authors that the distinctions that classical botanists have made between tepals and petals tend to confuse the separate characters of perianth organ appearance (petaloid vs. sepaloid) and perianth structure (unipartite vs. bipartite) (Albert et al. 1998; Baum and Whitlock 1999) . Consideration of these factors increases the plausibility of a single evolution KRAMER & IRISH-EVOLUTION OF PETAL AND STAMEN DEVELOPMENTAL PROGRAMS S37 possessing staminal characteristics (designated C b ) were separated from the outer tepals (designated C a ).
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. Sta p stamens Car p carpels Arrows indicate inner tepals with partial staminal characteristics (whorl b). Scale mm. B, Northern blot analysis of AeAP3-1, bar p 5 AeAP3-2, and AePI-1 in A. europaeum. Total RNA was prepared from four stages of spring buds: A1, 2.5 mm; A2, 5 mm; A3, 7.5 mm; and A4, 1.0-1.5 cm.
. Scale mm. Sta p stamens Car p carpels bar p 1 Fig. 4 Northern blot analysis of Calycanthus floridus and Asarum europaeum. A, Northern blot analysis of CfAP3-1, CfAP3-2, CfPI-1, and CfPI-2 in C. floridus. Three stages of floral development were examined: C1, buds 0.25-0.5 cm in size; C2, buds 0.5-1.0 cm; andC3, buds 1.0-1.5 cm. The innermost tepals bearing food bodies and of petaloidy followed by many derivations of bipartite perianths.
The truth most likely lies in a combination of these two models: some lineages may possess petaloid organs that are genuinely independently derived, whereas the majority of the angiosperms may express a commonly inherited but often variable petal identity program. The high degree of variation in floral morphology that is found in the lineages of the magnoliid grade correlates well with the hypothesis that the ABC program was not rigidly fixed during the earliest stages of angiosperm evolution. The morphology of flowers in these families is highly labile with regard to phyllotaxis, organ number, and differentiation of the perianth, among other characteristics. It has been assumed that this morphological plasticity reflects a low level of integration of the perianth parts into the overall floral structure and allows for the frequent reduction and loss of perianth parts (Endress 1986b (Endress , 1994b . This would seem to indicate that many aspects of the floral developmental program were unconstrained in the earliest angiosperms; including, the pathways controlling everything from floral organ identity to organ phyllotaxy to developmental kinetics. It is currently impossible to tell whether some degree of this flexibility reflects many independent petal derivation events or merely a commonly inherited program that remained labile.
By contrast, the floral morphology of the monocots is much more constrained than that of their magnoliid ancestors: phyllotaxy is distinctly whorled, organ number per whorl is fixed at three, and there is a strong tendency toward a unipartite perianth (Dahlgren et al. 1984; Endress 1987) . The theory that some aspects of the B class genes' petal identity function evolved before the last common ancestor of eudicots and monocots would seem to be supported by the B-type homeotic phenotypes observed in monocots, such as the viridaflora cultivar of Tulipa (van Tunen et al. 1993) . We must keep in mind, however, that although these mutants clearly reflect an association between petal and stamen identity, we cannot rule out an independent derivation of petals from stamens in these lineages. Along the same lines, it has been found that the loss of paleoAP3 or PI representative function in derived monocots such as Zea mays and Oryza sativa results in a transformation of lodicules into palea/lemma-like organs and of stamens into carpeloid organs (Kang et al. 1998; Ambrose et al. 2000) . These results do not, however, necessarily imply that the lodicule is historically homologous to the higher eudicot petal (Ambrose et al. 2000; Ma 2000) or even to the petals of more primitive monocots. The data currently on hand could also be consistent with the theory that lodicules represent sterilized stamens (Clifford 1987; Cocucci and Anton 1988) , which could conceivably express B group genes, reflecting their staminal derivation, but not C group genes (as a result of their S38 INTERNATIONAL JOURNAL OF PLANT SCIENCES sterilization). We must also consider the inherent danger of comparing highly divergent model species in the absence of substantial data from intervening taxa (Bolker 1995; Bang et al. 2000) The ranunculids, which represent the basalmost eudicots, would seem to have relatively stable floral morphology compared with the magnoliids. They often display whorled bipartite perianths, particularly in the Papaverales and Ranunculaceae (Magallon et al. 1999) . At the same time, there are ranunculid families with comparatively unstable floral morphologies, and interestingly, Euptelea, the genus recently identified as sister to the Ranuculales (Magallon et al. 1999) , has small apetalous flowers with a variable number of stamens and carpels (Endress 1986a) . This could indicate that the stability of floral structure within the Papaverales and the Ranunculaceae represents independent canalizations of floral development. Consistent with this idea, the Ranunculaceae are the best-studied and most commonly cited example of independent derivations of andropetals (Kosuge 1994; Albert et al. 1998) . The rest of the basal eudicots, which are positioned intermediately between the ranunculids and the higher eudicots, display even greater morphological variation, ranging from the large multiparted flowers of Nelumbo (lotus) to the small reduced flowers of Platanus (sycamore). Overall, these observations would seem to indicate that the floral developmental program was still relatively plastic in the basal eudicots, a conclusion that is supported by the variation in expression patterns of paleoAP3 and PI lineage members that we have observed across several ranunculid species (Kramer and Irish 1999) .
Another major canalization of floral development appears to have occurred just prior to the diversification of the higher eudicots. In this monophyletic group, whorled phyllotaxy is predominant; organ number per whorl, although not absolutely fixed, tends to number four or five; and a bipartite perianth is common (Magallon et al. 1999) . This "synorganization of parts," as Endress calls it (Endress 1987), has allowed for flexibility at other levels of floral organization, favoring elaborations such as syncarpy and sympetaly (Endress 1987 (Endress , 1994a . It is notable that this canalization coincides with the euAP3/TM6 duplication and the apparent fixation of euAP3/ PI petal expression patterns. The loss of ancestral paleoAP3 characters, including the paleoAP3 motif, and the fixation of new characters (i.e., the euAP3 motif) may be correlated with a broader process of floral evolution, a process that was under way in the higher eudicot ancestor. However, the refinement of floral morphology that predates the diversification of the higher eudicots obviously involved many aspects of the floral developmental program in addition to organ identity. It has been observed that the lineages of the higher eudicots underwent very rapid radiations involving high speciation rates, which gave rise to 75% of all angiosperm species (Magallon et al. 1999) . It is intriguing to consider that the canalization of floral development that occurred along the lineage leading to the higher eudicot clade, in part reflecting the fixation of the ABC program, may have been an important factor underlying this extraordinary diversification.
Future Prospects
When we initiated this study of the AP3 and PI gene lineages, relatively little was known about the evolution of these genes within the angiosperms or about their expression patterns outside the higher eudicots. The complex patterns of gene duplication and the variability in expression patterns that we have uncovered still leave many questions unanswered; in addition, these factors raise new questions. First of all, we need to achieve a more complete understanding of the evolution of these gene lineages. When did the major duplications, particularly the euAP3/TM6 duplication, occur? How have differing rates of sequence divergence shaped the members of these lineages? The second group of questions that this analysis has raised relates to the evolution of the biochemical function of the AP3 and PI lineage members. We currently have no information regarding the functional role of the three highly conserved motifs: the PI motif, the paleoAP3 motif, and the euAP3 motif. In particular, it is important to understand the functional role of the paleoAP3 motif versus the euAP3 motif and what these roles may reflect concerning the evolution of petal identity function in the higher eudicots. We must also consider the issue of dimerization specificity and how it may have changed over the course of angiosperm evolution. Now that it has been established that the expression patterns of AP3 and PI lineage members do, in fact, vary across the angiosperms, we need to establish exactly how variable this character is in order to determine its usefulness. This investigation must include a more careful study of euAP3 orthologue expression patterns in the higher eudicots so that we can make accurate comparisons and determine when the characteristic higher eudicot expression pattern became fixed (if it actually is as fixed as it appears to be). Furthermore, the expression of TM6 lineage members in the higher eudicots is virtually unknown, presenting an obvious target for study. Overall, however, the critical information will come from the direct functional analysis of these gene products, an analysis that will require the development of transgenic and genetic techniques in nontraditional model species. Finally, the synthesis and interpretation of all of this data will require a robust phylogeny of the angiosperm lineages.
Realistically, it may be very difficult to discretely distinguish between a commonly inherited yet variable developmental program and multiple independently derived programs that utilize homologous genes as a result of recruitment. Nonetheless, more detailed analyses of the expression patterns and functions of the floral homeotic genes across the angiosperms may, in the end, allow us to determine how these developmental programs evolved and how such changes have produced the morphological diversity observed in angiosperm flowers.
